Drip irrigation is a useful method for the application of low-quality water because it does not wet the foliage and limits the spread of contaminants. Nevertheless, when using water containing high levels of dissolved salts, drip irrigation may be insufficient for leaching and can lead to soil salinization. A new conceptual model was tested experimentally and numerically to examine if manipulation of the distribution of soils with different textures could promote the removal of salts from the root zone and increase leaching efficiency. The manipulated root zone consisted of a volume of coarse soil, located under a drip irrigation emitter, surrounded by finer texture soil. We hypothesized that the differences in hydraulic properties between the two soils and the capillary barrier developed at their interface would generate a one-directional flow path of the salty water from the location of irrigation to the fine soil. This would enforce salt accumulation beyond the root zone. The concept was tested in a series of lysimeter and Hele-Shaw chamber experiments, together with a two-dimensional flow model created in HYDRUS-2D. Results showed preferential salt accumulation beyond the coarse segment of the manipulated soil, providing a volume of leached soil sufficient to support a healthy root system. Under conditions of homogenous soil texture, a notable buildup of salinity was observed in the central root zone, whereas under the manipulated texture conditions, such salt buildup was not observed.
Drip irrigation is a useful method for the application of low-quality water because it does not wet the foliage and limits the spread of contaminants. Nevertheless, when using water containing high levels of dissolved salts, drip irrigation may be insufficient for leaching and can lead to soil salinization. A new conceptual model was tested experimentally and numerically to examine if manipulation of the distribution of soils with different textures could promote the removal of salts from the root zone and increase leaching efficiency. The manipulated root zone consisted of a volume of coarse soil, located under a drip irrigation emitter, surrounded by finer texture soil. We hypothesized that the differences in hydraulic properties between the two soils and the capillary barrier developed at their interface would generate a one-directional flow path of the salty water from the location of irrigation to the fine soil. This would enforce salt accumulation beyond the root zone. The concept was tested in a series of lysimeter and Hele-Shaw chamber experiments, together with a two-dimensional flow model created in HYDRUS-2D. Results showed preferential salt accumulation beyond the coarse segment of the manipulated soil, providing a volume of leached soil sufficient to support a healthy root system. Under conditions of homogenous soil texture, a notable buildup of salinity was observed in the central root zone, whereas under the manipulated texture conditions, such salt buildup was not observed.
Abbreviations: EC, electrical conductivity; ET, evapotranspiration; FS, fine sand; HCL, homogenous coarse sand lysimeters; HFL, homogenous fine sand lysimeters; ML, manipulated lysimeters; MS, manipulated soil.
The global use of marginal quality water such as brackish groundwater and treated wastewater for irrigation is becoming ever more common (Beltrán, 1999) due to the need to feed a growing population and the lack of good quality water, mainly in arid and semiarid areas. Consequently, large areas of arable land worldwide are being salinized (Yakirevich et al., 2013; FAO, 2015) , with consequent repercussions including reduced osmotic potential and increased sodicity of soils (Hillel, 1971; Agassi et al., 1994; Raveh and Ben-Gal, 2016) , resulting in reduced crop productivity (Hillel, 2000) .
Another increasingly common practice in arid environments that benefits water conservation through improved irrigation efficiency is drip irrigation. Beyond enabling a controlled and accurate supply of water and nutrients directly to the root zone, drip irrigation with low-quality water is relatively favorable because it prevents the spread of the low-quality water over large areas and does not wet the foliage. However, there are inherent problems regarding leaching of salts or other contaminants when marginal water is applied via drip irrigation. The fact that only a small volume of the soil is wetted leads to salt accumulation in the root zone, particularly on the surface and edges of the wetted areas. Therefore, drip irrigation with water containing salts in a dry environment necessitates relatively large and frequent irrigation events to prevent salt accumulation in the root zone (Burt and Isbell, 2005; Hanson et al., 2008) . This work explored the impact of changes in soil texture
Core Ideas
• Root zone soil texture manipulation improved leaching efficacy for drip irrigation.
• Manipulation consists of coarse medium, with roots within, surrounded by fine medium.
• Capillary barrier between coarse and fine media prevents salt return to roots.
• Study results may contribute to the practice of irrigation with salty water 6 Scientific Background
Soil pore water flows from high to low potential, derived mainly by matric potential and osmotic potential (in the presence of a membrane) in addition to gravitational forces (Or and Wraith, 2002) . The soil matric potential, h (cm), is calculated by the characteristic pore radius, r (cm), of the soil, the liquid surface tension, s (dyn/ cm), and the contact angle, g, between the liquid and soil:
2 cos h gr
where g (cm/s 2 ) is gravitational acceleration and r (g/cm 3 ) is water density. According to Eq.
[1], finer soil particles (small-radius pores) obtain higher (more negative) matric potential and thus higher capillary rise of the water into the soil and higher water retention values than coarse-grained soils (large-radius pores). Lehmann and Or (2009) showed that a heterogeneous porous medium consisting of a fine-grained segment vertically attached to a coarse-grained segment led to preferential evaporation from the fine-grained segment. This was explained by the stronger capillary suction of the fine-grained (smaller pores) medium than the coarse-grained medium, forcing water flow from the coarse to the fine matrix and then upward through the fine capillaries toward soil surface, where evaporation is maximum. Consequently, under saline conditions, evaporation increases the salt concentration in the soil solution, which leads to preferential salt accumulation and precipitation in the pores of fine-grained segments of the soil (Nachshon et al., 2011) .
Conceptual Model
The concepts presented by Lehmann and Or (2009) and Nachshon et al. (2011) are used to force removal of salts from the root zone under conditions of drip irrigation with water high in salts. The model consists of manipulation of the soil texture to include fineand coarse-grained segments in the root zone as presented in Fig.  1 . Irrigation is applied to the surface of the coarse segment at a rate sufficient to both replenish root water uptake and drive salts toward the fine-textured medium. In the fine-textured segment, the water and salts are held by capillary forces and driven mostly by evaporation and, when roots are present, transpiration. We hypothesized that this setup would create a volume of soil at the center of the root zone with low salt concentration, from which a plant can take up any required water. The interface between the two sections acts as a capillary barrier that prevents the return of solutes from the fine to the coarse medium at the center of the root zone. The objective of the study was to test this hypothesis using combinations of fine and coarse sands for growing tomato (Solanum lycopersicum L.) under varied salinity levels of water delivered via drip irrigation.
Materials and Methods
Lysimeter and Hele-Shaw experiments were conducted to examine the proposed conceptual model. In addition, a simple simulation in HYDRUS-2D was used to get a sense of the expected salt distribution and subsurface water flow within the soil for the manipulated root zone as in Fig. 1 and in a uniform fine sand.
Lysimeter Experiment
Twenty-four lysimeters (Fig. 2d ) were used to examine the manipulated root zone (Fig. 2c ) and its impact on the salt and root distributions in the soil compared with root zones with homogenous soil textures. Two homogenous conditions were examined: fine sand with a grain diameter of ?100 mm and coarse sand with a grain diameter of ?500 mm, as presented in Fig. 2c . Complete hydraulic properties of the sands are given in Table 1 and Fig. 2e , based on Nachshon (2016) . The lysimeters were cylindrical, with dimensions of 60-cm height and 20-cm radius. For each root zone soil configuration, two irrigation water qualities were examined-salty water and fresh water, both containing fertilizers-with four replicas per treatment. Irrigation water properties are presented in Table 2 .
The lysimeters with the manipulated root zone soil were prepared by first filling with the fine sand until ?20 cm below its top. A hollow polyvinyl chloride (PVC) tube with a diameter of 15 cm was then placed vertically in the center of the lysimeter and filled with the coarse sand. The remaining fine sand was added to the upper part of the lysimeter, surrounding the PVC cylinder, and finally the PVC tube was removed. The lysimeters were drip irrigated daily in their center with 400 mL of the irrigation solution (salty or fresh) for 5 d to bring the soil to field capacity and to build up some degree of salinity in the soil of the high-salt treatment. During each of the 2 d before planting of tomato seedlings, 200 mL of fresh water was used for irrigation in all lysimeters to provide favorable conditions for the seedlings. Following planting of the tomato plants, the lysimeters were irrigated with either the fresh or salty water, as presented in Table 3 . Each lysimeter was equipped with a drainage extension filled with highly conductive rockwool, designed to not limit water flow or conditions in the soil and to allow deep infiltration below the root zone (Ben-Gal and Shani, 2002) . The lysimeters were located in a greenhouse, on a rotating carousel that ensured equal environmental conditions such as radiation and temperature (Lazarovitch et al., 2006; Groenveld et al., 2013) . The carousel system continuously monitored the lysimeters' mass, and drainage solution was automatically measured once daily. These parameters enabled the calculation of daily evapotranspiration (ET, kg) by using a simple mass balance equation:
where I is irrigation (kg), D is drainage (kg), and DS is the change in the lysimeter mass (kg). Evapotranspiration indicates transpiration by the plant, which is affected by water availability in the root zone, plant condition, and growth (Moritani et al., 2013) as well as water evaporated from the soil surface, which was exposed to the atmosphere.
The experiment ran for 40 d after transplanting and terminated when the tomato plants were relatively large (average height of ?38 cm and mass of ?250 g) and when roots were assumed to be well developed. Following experiment termination, plant height and aboveground biomass were measured.
To quantify salt and root distributions, two of the four lysimeters per treatment were vertically divided into two sections: one half was used for soil sampling to quantify the spatial distribution of salts, while the other half was used to quantify the root distribution. In addition, soil samples for quantifying the salt distribution were taken from the other 12 lysimeters that were not divided, according to a similar sampling method elaborated below.
The soil samples were collected at depths of 0, 10, 20, and 35 cm where, at each depth, samples were taken at distances of 0, 5, and 15 cm from the center of the lysimeter with two replications. Analysis was conducted on solution from a 1:1 extraction (Corwin and Lesch, 2003; Zhang et al., 2005) . The electrical conductivity (EC) of extracted solution was measured by a standard EC meter (86505 pH/ORP/Cond./TDS/Salinity meter, AZ Instruments).
For the root distribution analysis, soil samples with a volume of 7 by 7 by 7 cm were taken from depths of 0 to 7, 7 to 14, 14 to 21, 21 to 28, and 28 to 35 cm and at lateral distances of 0 to 7 and 7 to 14 cm from the lysimeter center, with two replicates per sample. The soil samples were washed over a fine mesh sieve that captured the roots while the sand particles were removed. To quantify root growth and distribution, the root mass of each sample was weighed with a 0.1-g-resolution scale (Frasier et al., 2016) after being dried at 70°C.
Hele-Shaw Experiments
Hele-Shaw chambers were used to study, in greater detail than the lysimeter experiment, the solute transport and root growth processes in the manipulated root zone compared with an homogenous fine sand. The Hele-Shaw chambers were 50 cm in height, 50 cm in width, and had an opening of 5 cm (Fig. 2a) . The chambers' front and back walls were made of glass to enable visual observation of growing root systems, water flow, and salt precipitation. Similar to the lysimeter experiment, the same fine and coarse sands were used as the matrix, and tomato seedlings were planted (one in each cell) and irrigated with water containing salt as detailed in Table 2 . The homogenous coarse sand was not examined in the Hele-Shaw experiments because the lysimeter experiment had indicated that this treatment was most unfavorable for plant growth under both the saline and non-saline conditions.
Soil sensors (5TE, Decagon Devices), which were calibrated for both sand types, measured the volumetric water content and soil salinity continually, at 1-h temporal resolution. The probes were inserted vertically from above and were located within the matrix as presented in Fig. 2b , and data were stored on a datalogger (EM50, Decagon Devices).
A dripper was located at the upper boundary center of each chamber and connected with tubing to a small vessel. Irrigation water with the properties presented in Table 2 for salty water was poured into the vessel and delivered to the chamber by gravity, according to the schedule presented in Table 4 .
At the end of the experiment, the chambers were disassembled and soil samples with a volume of 5 by 5 by 5 cm were collected to measure both root density and salinity, using the same methods described for the lysimeter experiment.
Hele-Shaw experiments were conducted in two replications for each setup, and an additional experiment was conducted as detailed above but with fresh irrigation water colored with blue dye (Brilliant blue) for visualization purposes.
Numerical Model
A simple two-dimensional model was constructed in HYDRUS-2D to compare liquid water flow paths and velocities and salt accumulation between the manipulated root zone and the homogenous fine sand.
HYDRUS-2D simulates two-dimensional soil moisture dynamics (Šimůnek et al., 1999, 2016) . The model numerically solves the Richards equation using a finite-element scheme (Zhou et al., 2007) . The program interface allows the user to manipulate time discretization and the specification of initial conditions, boundary conditions, soil properties, root characteristics, solutes properties, and more. For the numerical solution, the van Genuchten-Mualem soil hydraulic properties model (Mualem, 1976; van Genuchten, 1980) was selected as detailed by Roberts et al. (2009) . Solute transport was modeled by solving the advection dispersion equation in the standard solute transport module of HYDRUS-2D. Root water uptake was simulated by the Feddes stress response function (Feddes et al., 1976 (Feddes et al., , 1978 .
The modeled domain had a height and width of 50 cm, similar to the Hele-Shaw cells, and two root zone setups were modeled: (i) homogenous fine sand; and (ii) the manipulated soil texture distribution. Dimensions of the coarse sand segment in the modeled manipulated soil were identical to the experimental conditions tested in the Hele-Shaw experiments (Fig. 2a) . Fine and coarse sand hydraulic properties were also defined to be the same as those used in the experiments as detailed in Table 1 . A finite-element mesh composed of 3025 elements was generated for each domain using the MESHGEN module within HYDRUS-2D.
The domain's upper boundary was set at atmospheric conditions, with potential evaporation of 1 cm/d. At the center of the upper boundary, across a width of 4 cm, irrigation water was applied for 1 h daily at a rate of 300 cm/d (equivalent to irrigation of 50 mL/d) with a solute concentration of 2 g/L. The major purpose of the model was to illustrate the impact of the soil textural distribution on salt transport and accumulation; therefore an artificial root system was defined at the center of the domain with maximum root density just below the ground surface that linearly decreased to a depth of 33 cm. For the sake of simplicity, the root system was considered as a constant linear sink. Horizontal root growth and the salinity stress response function were assumed to be negligible and therefore were not considered.
The Feddes parameters (Feddes et al., 1976 (Feddes et al., , 1978 were taken from the HYDRUS-2D root water uptake library for tomato and include P0 at −10 cm and P3 at −8000 cm, which represent the water pressure head at saturation and below the wilting point, respectively. Above and below P0 and P3, water uptake by the roots is assumed to be zero. Three additional pressure heads are defined by the Feddes function: Popt, P2H, and P2L, which are −25, −800, and −1500 cm, respectively, for tomato. Root water uptake is considered optimal between pressure heads Popt and P2H for high potential transpiration rate conditions (r2H, 0.5 cm/d) and between Popt and P2L for low potential transpiration rate conditions (r2L, 0.1 cm/d). For pressures between P2 (either high or low) and P3, water uptake is reduced linearly with increasing matric potential (Feddes et al., 1978; Roberts et al., 2009 ).
Initial conditions were set as dry and non-saline, with a matric potential of −50 cm throughout the medium. The simulation ran for 20 d to evaluate subsurface water flow paths, velocities, and solute transport. 9-10 (fresh water only) 1 50
Tomato planting 11-13 1 100
14-49 1-2 100
6 Results and Discussion
Lysimeter Experiment
The lysimeters with the different soil texture configurations and irrigation setups exhibited different salt distributions and root densities, as well as differences in measured ET. Naturally, the lowest salinity values were observed in the lysimeters irrigated with fresh water, with minor differences among the various configurations. When irrigated with water high in salts, substantial differences were observed among the texture setups with respect to salinity values and distribution.
Homogenous Coarse Sand Lysimeters
The lowest ET values were measured in the homogenous coarse sand lysimeters (HCL), both saline and non-saline. The HCL irrigated with saline water had the lowest ET values, followed by the fresh-water-irrigated HCL that had ET values higher by 17% (Fig.  3) . The low ET values indicate that plants in the HCL were under stress, both for the saline and non-saline conditions. Because the fresh water treatment also exhibited low ET, it is likely that the stress was a result of lack of water due to the high hydraulic conductivity of the coarse sand (Table 1) and its low sorptivity, which is proportional to the van Genuchten a parameter (Radcliffe and Rasmussen, 2002) . The HCL irrigated with salty water had even lower ET values due to decreased solution osmotic potential that could potentially reduce both root water uptake and evaporation from the soil surface (Romero-Aranda et al., 2001; Nachshon et al., 2011) . Moreover, salt precipitation in soil pores may decrease vapor diffusivity through the medium and eventually reduce evaporation (Nachshon et al., 2011) . In addition to the low ET values, the mass of plants in HCL was ?40% lower than the plant mass in the other treatments. All of the above indicates poor growing conditions for the tomato plants in the homogenous coarse sand.
The salinity measured in the HCL receiving salty water was lower than that of the other soil texture configurations receiving the same water (Fig. 4) . This is explained by the low sorptivity of the coarse sand that enabled solute leaching downward below the root zone.
Homogenous Fine Sand Lysimeters
The homogenous fine sand lysimeters (HFL) had similar average plant masses when irrigated with either salty or fresh water, equal to 277 and 274 g, respectively. The total root mass of the plants in HFL irrigated with fresh water was 10.3 g. That is larger by >40% than the fresh water irrigated ML and HCL treatments that had total root masses of 6.5 and 2.1 g, respectively. In concordance, HFL-grown plants irrigated with fresh water had the highest ET values (Fig. 3) . The well-developed plants and high ET values of this setup are explained by the high-quality water and the high sorptivity of the fine sand that supports high water availability for root uptake.
Evapotranspiration values for plants grown in HFL and irrigated with salty water were 20% lower than under the conditions when fresh water was used for irrigation, and the root systems of the HFL-grown plants irrigated with salty water were ?50% smaller than those of fresh water irrigated plants (4.7 compared with 10.3 g). Soil salinity for the HFL receiving water with salts was the highest of all treatments (Fig. 4) . The high salinity can be explained by the relatively low hydraulic conductivity and high sorptivity of the fine sand, which retains relatively high volumes of water containing salts in the root zone and soil surface where ET promotes the concentration of solutes in the pore water. For the tested irrigation regime in the HFL, soil leaching was not sufficient to leach the salts below the root zone.
Manipulated Root Zone Lysimeters
The manipulated lysimeters (ML) had similar ET values to the HFL when irrigated with either fresh or salty water and had higher ET values than the HCL (Fig. 3) . Furthermore, there was no substantial difference in plant mass between ML and HFL under both irrigation regimes (data not shown). In the salty water irrigation treatments, salt concentrations were much lower in the ML than the HFL, especially in the center of the root zone (Fig. 4) . In addition, the root mass in the center of the root zone of the ML was larger than in the HFL or HCL saline treatments (Fig. 4) , indicating favorable growing conditions in the relatively salt-free coarse segment when surrounded by a finer textured soil. Moreover, while for the HFL ad HCL, increased salinity led to a reduction in total root mass by >50% (10.3 to 4.7 g for HFL and 6 to 2.1 g for HCL), for the ML no reduction was observed due to increased salinity. Actually, a minor increase was observed at the ML for the saline conditions as the total root mass increased from 6.5 g under fresh water conditions to 7.2 g under saline conditions. These findings can be explained by the manipulation of the soil, which promoted peripheral movement of water, resulting in high leaching and low evaporation rates at the center of the root zone. The fact that only minor differences were observed in ET and plant growth between HFL and ML treatments highlights that variances in salt and root distribution between the two setups are likely to be associated with the differences in soil texture setups and not to processes related to plant physiology or water consumption by the plant.
Hele-Shaw Experiments

Homogenous Fine Sand
Similar to the lysimeter experiment, the homogenous fine sand (FS) setup was represented by an accumulation of salt around the location of drip irrigation from the soil surface to a depth of ?10 cm and laterally to a distance of ?40 cm ( Fig. 5a and 5b) . The high salinity values around the location of the drippers indicates poor salt leaching from the soil and that most of the water was either taken up by the roots or evaporated to the atmosphere at the soil surface. Both of these processes result in increased solute concentration of pore solution and eventual salt precipitation.
The highest root density was observed below the location of drip irrigation, at a depth of ?8 cm ( Fig. 5a and 5b), with relatively high root density on the order of ?0.6 g per soil volume of 125 cm 3 . However, this high root density rapidly reduced as a function of distance below and laterally in the soil profile. For example, at a depth of 20 cm, the root density was on the order of ?0.05 g of roots per soil volume of 125 cm 3 . Roots at relatively low densities were observed to reach the bottom of the chamber at 50 cm. In general, for the tested FS, most of the root system was concentrated in a very limited volume of soil with a depth of ?10 cm and width of 20 cm under the drippers. It is likely that the roots developed in this area due to favorable conditions generated as salts were leached during irrigation events. Throughout the entire medium, even at shallow depths, the presence of roots was found to increase soil salinity. This is not surprising, as Reina-Sánchez et al. (2005) found that tomato plants irrigated with salty water (25-75 mM NaCl) took up only 2 to 3.5% of the Na from the solution, which means that most of the salts had been left behind in the soil. However, for the manipulated soil (MS) texture setup, as presented below, there was no notable increase in soil salinity in the root zone. Figure 6 presents temporal changes in soil salinity (EC) as measured by the 5TE probes located just below the drippers. The results are given as bulk EC measured by the probes. Attempts to convert to solution EC and avoid a possible influence of water content were not successful, apparently due to the low water content and bulk dielectric at the measurement locations. It can be clearly seen how rapidly salts were accumulated in the FS compared with the MS texture setup. The high variability in EC reading is due to the fact that each line is the average of two replications and due to rapid changes observed during irrigation of the FS.
Manipulated Soil
The Hele-Shaw experimental results for the manipulated root zone setup (MS) were also consistent with the lysimeter experiment, showing a low soil salt concentration in general and particularly at the center of the root zone below the location of drip irrigation (Fig. 5c and 5d ). Higher salt concentrations were Fig. 4 . Average salt concentration and root distribution for the different salinity treatments in the experiment using homogenous coarse sand lysimeters (HCL), homogenous fine sand lysimeters (HFL), and the manipulated soil lysimeters (ML). Soil salinization is represented by electrical conductivity (EC) in the surface plots, and the contours show the root distribution. White numbers on the contours show the root mass (g) per soil volume of 343 cm 3 . observed in the fine sand segment, signifying transport of salt toward that area. The temporal changes in soil salinity below the drippers were minor compared with those in the FS setup (Fig. 6) , with small fluctuations over time. This indicates that changes in soil salinity below the location of drip irrigation in the MS setup were negligible and that salinity experienced by the plant in the soil close to the dripper was relatively constant and similar to the salinity of the source water.
In contrast to the FS setup, where root density reduced rapidly below a depth of ?8 cm, roots in the MS setup were distributed relatively evenly down to a depth of ?20 cm and to a lateral width of ?18 cm. This indicates that roots in the MS were concentrated in not only the coarse sand segment but also the coarse-fine interface and a few centimeters of the fine sand ( Fig. 5c and 5d) . Also contrasting the findings for the FS setup, the highest root concentrations in the MS were found in salt-free areas. In other words, the soil manipulation provided salt-free areas in the medium large and wet enough to support a healthy root system without putting the plant under osmotic or matric stresses.
Hele-Shaw Experiments with Colored Water
Snapshots of the Hele-Shaw chambers after 2 wk of irrigation with colored water (Fig. 7) visually indicate high values of concentration (strong blue color) in the FS setup around the location of drip irrigation and in the vicinity of plant roots. In contrast, the immediate volume of soil in the vicinity of the dripper in the MS setup showed minimal accumulation, and strong blue coloration was limited to the interface between the fine and coarse sands. This reinforces our claim that, in MS root zones, water passed through the coarse sand medium toward the fine sand, where evaporation occurred and solutes concentrated.
Model Results and Data Integration
The numerical model gave a sense of the subsurface liquid water flow in both MS and FS setups, data that could not have been obtained experimentally. Figure 8 presents liquid water flow pathways and velocities for the two examined soil setups 1, 4, and 20 h after irrigation. In agreement with all experimental evidence and with the conceptual model (Fig. 1) , the model predicted that water flowing out of the coarse sand segment in an MS will remain in the fine sand segment and, most likely, eventually will be transferred to the soil surface and evaporate. For this reason, the experimental results indicated salt (and color) accumulation in the fine sand segment beyond the coarse sand where root growth was concentrated. Moreover, the model demonstrated that, for the MS, water (and therefore solutes) was mostly mobilized out of the coarse medium and the zone of root activity. However, in the FS, flow mainly followed a path upward and toward the center of the medium to replenish water taken up by roots and evaporated from the soil surface (Fig. 8) . Moreover, the model showed that the fine sand along the coarse-fine interface in the MS was also frequently leached by the irrigation water. This creates a saltfree but relatively high water content area, in contrast to the coarse sand segment, which is expected to be conducive to root growth and activity. This supports the experimental results from the Hele-Shaw experiments that showed low salt concentration in the fine sand along the interface and relatively high root density in that area (Fig. 5 ). Figure 9 illustrates salt concentrations in the modeled setups after 3 d of simulation. It can be clearly seen how the salt buildup in the root zone was much greater for the FS than the MS. Under the conditions of the FS, the highest salinity was observed at a depth of ?10 cm, whereas for the MS, lower salinity was observed, with maximum values found only at ?20-cm depth. Moreover, only ?20% of the surface area in the FS, just below the location of the dripper, was free of salt, while almost 45% of surface area in the MS had low to no salinity. Some preferential buildup of salt was observed at the left fine-coarse interface in the MS. This was due to the capillary barrier between the two sands that prevented the return of the salt toward the coarse medium and the preferential liquid water flow that was diverted toward the left side, as observed in Fig. 8 , 1 h after irrigation. The asymmetrical flow pattern could be attributed to uneven positioning of the coarse sand segment boundaries with respect to the location of the root system and irrigation due to small disturbances (<1 cm) associated with the location and dimension of the components of the finite-element mesh. The model also considered diffusion of solutes within the pore water and the theoretical resulting transport of salts across the capillary barrier back into the root zone. The fact that such a return was observed neither experimentally nor by the simulations indicates that advection fluxes in the matrix, especially following irrigation events, were the main processes controlling the salt distribution in the domain.
The experimental and numerical model results indicate that the mechanism of preferential evaporation from fine-textured medium in heterogeneous porous media, as presented by Lehmann and Or (2009) , and the consequent salt accumulation in the fine medium as demonstrated by Nachshon et al. (2011) , are valid also in the presence of a root system, at least for the conditions examined in this work. While soil leaching in regions with low natural precipitation requires excessive amounts of water to remove the salts from the root zone (Dudley et al., 2008) , the proposed manipulated root zone requires less water because the critical volume of soil to be leached is restricted mainly to the root zone itself within the coarse medium. Persistent application of conventional leaching practices therefore leads to a risk of salinization of deep soils and groundwater (Assouline et al., 2015; Raveh and Ben-Gal, 2016; Tal, 2016) . Drip irrigation itself allows some of the salts to, at least temporarily, be stored in the soil but outside of the active root zone (Dudley et al., 2008) . Manipulation of the root zone as proposed in this study takes this further, allowing even total elimination of downward leaching of salts through the soil during periods of irrigation while maintaining minimal salinity where roots are concentrated and uptake occurs. Ityel et al. (2011) tested a manipulated root zone with contrasting placement of soil textures compared with this study, where the fine medium was in the center of the root zone, surrounded by the coarse medium. The logic behind the setup in that study was to use the capillary barrier between the fine and coarse media to reduce water infiltration below the root zone and to increase water use efficiency. Shown to be effective for the production of vegetables, even when irrigated with water high in salts (Ityel et al., 2012) , this approach requires large volumes of water for leaching while the manipulation presented here promotes salt management with reduced leaching levels.
The recent work of Bergstad et al. (2017) demonstrated that the solution concentration may also affect the location of salt accumulation on top of heterogeneous soils that contain fine-and coarse-grained sections. They showed that for relatively low initial solution concentrations, NaCl may initiate precipitation over the coarse-grained sections, whereas for higher NaCl concentrations, precipitation starts on top of the fine-grained sections. However, for the manipulated soil texture setup as presented here (Fig. 1) , subsurface liquid water flow and the location of evaporation at the soil surface are the major processes controlling salt accumulation and distribution in the root zone. Nevertheless, future studies should further explore whether the irrigation water salt concentration may affect the location of salt accumulation in the manipulated texture setup. 
Conclusions
The results from all experiments and the numerical model were consistent and supported the hypothesis, suggesting that a manipulated root zone, where a coarse-textured soil is surrounded by a finer textured medium (Fig. 1) , can promote removal of salts from the root zone under conditions of drip irrigation with water containing salts. Roots grew and concentrated mainly in the coarse sand segment in the manipulated soil when water was apparently provided at sufficient levels to plants in spite of the low sorptivity of the medium. The manipulated root zone increased leaching rates of the soil from the zone of highest root density and activity without increasing irrigation water application. Further research and development is needed to turn the findings of this research into an efficient agricultural practice that will increase yield and water conservation and will reduce the risk of groundwater salinization due to high rates of salt leaching. The optimal dimensions of the coarse soil segment in the manipulated soil as a function of the properties of both coarse and fine soils should be determined, and irrigation regimes for the setup must be optimized. Construction of a manipulated root zone in commercial fields is not trivial, and future agro-engineering developments will be needed to make it a common and useful practice. It is important to emphasize that the proposed method does not enable salt removal beyond the boundaries of a field or plot but rather promotes the accumulation of salts beyond the immediate vicinity of plant roots, enabling favorable conditions for uptake and growth. Over long time periods, if continuous irrigation with salty water is practiced, buildup of salts in the field is inevitable and their removal necessary to avoid serious damage to crops. Of course the current alternative is to leach the salts with large additional volumes of water, which is problematic due to salinization of subsoils and groundwater.
